The Meyers reaction, i.e. the nucleophilic aromatic substitution reaction between aryloxazolines with organolithium and organomagnesium reagents is a very efficient and reliable method for the formation of new carbon-carbon and carbon-heteroatom bonds. The aim of this review is to present a general overview of this reaction in chiral and racemic form, emphasizing its scope and limitations. The literature is covered since 1994.
INTRODUCTION
The Meyers reaction is unique in that an oxazoline function, which would not be considered as strongly electronwithdrawing in the conventional S N Ar reaction [1] , highly activates an orthoalkoxy or fluoro group to undergo displacement by nucleophilic reagents that are possessed of metal ions capable of ligation to the oxazoline moiety. This synthetic methodology represents powerful tools for the chemo-, regio-, and stereoselective creation of carboncarbon and carbon-heteroatom bonds, converting simple aromatic compounds into more elaborated materials. The Meyers reaction plays an important role in a number of industrial processes, fine chemical industry, natural products synthesis, chiral catalyst chemistry, chiral stationary phases chemistry, environmental pollutant chemistry, electronic devices production, etc. [2] . Moreover, the compounds formed contain a combination of functional groups in a cyclic framework, which can be further transformed to obtain products of potential biological activity.
The aim is to present a general overview of this reaction. The literature covered begins mainly in 1994 because previous years have been comprehensively compiled by Meyers partial aspects known have been reviewed in a different context, such as, inter alia, the chemistry of naphthyl oxazolines [3, 4] and dearomatizing cyclization reactions [5] . In these cases, the presentation of the new material will be preceded by a short summary of the fundamentals and main applications of the methodology, which will enable comparison among the procedures under discussion.
THE OXAZOLINE-MEDIATED SUBSTITUTION METHOD
The general principle of the Meyers reaction is very simple. The oxazoline moiety readily promotes displacement of orthoalkoxy and ortho-fluoro groups by organometallic reagents (Scheme 1) [6, 7] . Treatment of aryloxazolines 1 and 2 with organolithium reagents (THF, -30 to -45 °C) gave good yields of 2-substituted oxazolines 4. Grignard reagents proved to be much more effective in instances where the aryl lithium reagents gave poor yields of 4.
These reactions proceed with general success, the yields dropping off with sterically hindered 2,6-dimethoxy aryloxazoline 3. This may be attributed to the fact that the two ortho-methoxy substituents inhibit the oxazoline from achieving coplanarity with the aromatic nucleus. Hydrolysis of the monosubstituted aryloxazolines 4 (Y = H) to the carboxylic acids 5 (R = aryl or alkyl) in acidic medium (H + /MeOH) or their transformation to the corresponding aldehydes 6 generally proceeded in moderate yields [3] . Moreover, for Y H, the cleavage of the oxazoline still presents quite a challenge. Long-chained Grignard reagents are also reactive toward 2-aryloxazolines 7 (Scheme 2) [8, 9] . The method furnishes anacardic acids 8 in medium to good overall yields (49-88%) .
Treatment of 9 with Grignard reagent 10 derived from 2-bromobenzoic acid afforded the unsymmetrical biaryl derivative 11 in 88% yield (Scheme 3) [10] . Hydrolysis of 11 gave the unsymmetrical biphenyl dicarboxylic acid 12 (93%). A general side reaction that is observed in these substitutions is the formation of the phenolic product 13.
Lithium salts of primary and secondary amines are also effective as nucleophiles [11] . The 2-amino substituent is easily introduced in place of the 2-methoxy group of 14 or 15 (Scheme 4). However, the transformation of the aminated oxazolines 16 and 17 into the corresponding esters 18 and 19 proved to be sluggish in most of the cases [11] . Sterically hindered bases such as LDA and tert-butylamine are also reactive indicating that there are virtually no steric effects to inhibit methoxy displacement. The methoxy group displaced in 15 is the one which is flanked by two ortho substituents and seemingly sterically encumbered. Since it is unlikely that lithioamides to proceed by electron-transfer mechanisms [1d], this synthetic process presumably occurs through an additionelimination sequence.
A wide range of organometallic reagents can be employed [10] , and only those considered to be delocalized anions (e.g. CH 2 =CHCH 2 Li, BnMgBr) failed to displace the methoxy group.
Although the reactivity of a system is often the result of a combination of factors, the activating group is probably the most important. Different reports offer evidence that these transformations are most probably occurring by an addition-elimination sequence (S N Ar) and not by a free-radical mechanism [10] .
Due to reasons involving cost and availability, there has been considerable interest in the development of cross-coupling reactions of aryl chlorides. These efforts have focussed, in particular, on palladium-catalyzed cross-coupling processes such as the Suzuki [12] and Kumada [13] 
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OMe lated processes such as the Heck or Negishi [14] reactions for the preparation of substituted arenes [15] . 2-Chlorophenyl oxazolines 20 undergo direct substitution reactions with both aryllithium reagents and aryl Grignard reagents in excess (4-8 equiv) without the need of a catalyst (Scheme 5) [16] . The coupling products 21 were obtained in fair to reasonable yields (40-78%), although the reactions with Grignard reagents required a larger amount of reagent and/or longer reaction times. Compound 20 and the related fluoro and bromo derivatives undergo manganese-catalyzed substitution of the halogen upon reaction with Grignard reagents [17, 18] . The dialdehyde 24 can be prepared by a "double" Meyers substitution (Scheme 6) [19] . Thus, treatment of the bisoxazolidine derivative 22 cleanly produced the diethyl derivative 23 which was converted to 24 by alkylation with methyl iodide and subsequent reduction with sodium borohydride.
SYNTHESIS OF ACHIRAL AND RACEMIC BIARYLS
The oxazoline-mediated substitution method has been extensively utilized in the synthesis of a number of important biaryl targets. The biarylaxis constitutes an important structural feature in numerous natural products of diverse biosynthetic origin [2, 20] . Its importance is reflected in the immense economic value of pharmaceuticals including Valsartan [21] and Telmisartan [22] , agrochemicals such as Boscalid [23] , and liquid crystals for LCD screens [24] (Fig. 1) . Moreover, compounds which contain a biarylaxis have proven to be an important source of auxiliaries for asymmetric synthesis, chiral host molecules, and molecular spacers (see paragraph "Synthesis of Optically Active Biaryls") [2, 20] .
1-HETEROCYCLES OF BIOLOGICAL INTEREST
The Meyers reaction is a most valuable method for the preparation of heterocyclic compounds of biological interest. In early studies, relevance of the method was shown by the reaction of tolyl [26] and anisyl [27, 28] . Grignard reagents with 2-methoxy-1-oxazolinylbenzene as the key step in the synthesis of aryl substituted tetrahydroisoquinoline derivatives, which were required for screening as dopamine antagonists [27] or angiotensin II receptor antagonists [26, 28] . Syntheses for tetralins, indans, chromans, benzofurans, indolines, tetrahydroquinolines, benzoxepins, and benzazepins were also achieved [29] .
Since the review of Meyers in 1994, intensive work has been done in this regard. The methodology provided a versatile route to the pyrrolophenthridone class of alkaloids which possesses significant biological activity [30] . Hence, coupling of the bromoindoline Grignard reagent 25 with aryl oxazoline 26 led to biaryl 27 which can be further transformed to oxoassoanine 28 using standard methods (Scheme 7).
Hippadine (32) which possesses the 1H-pyrrolo[3,2,1-de]phenanthridine ring system reversibly inhibits fertility in male rats with a remarkable decrease in both testicular weight and in DNA content (Scheme 8) [31] . This alkaloid was prepared by coupling the Grignard of bromoindoline 29 with the substituted 2-methoxyaryl oxazoline 30 to give biphenyl 31 which was transformed to the expected product 32 after few standard steps [32] . The renin-angiotensin system is one of the important homeostatic mechanisms that regulate hemodynamics and water and electrolyte balance [33] . A Dupont-Merck group reported the synthesis and the structure-activity relationship on 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid 37, which inhibits the binding of Angiotensin II to the AT 2 receptor [28] . A precursor of 37, the substituted 2-phenylbenzyl alcohol 36, was prepared using Meyers' chemistry as illustrated in Scheme 9. The substituted phenylmagnesium bromide 33 was added to the 2-methoxyphenyl oxazoline 34 to yield 35. The oxazoline 35 was hydrolyzed to the corresponding carboxylic acid by refluxing in 4.5 M HCl, and converted to 36 by esterification and subsequent reduction.
Biaryl tetrazole 42 is a potent, orally active angiotensin II receptor antagonist possessing a heterocyclic head and a biphenyl tail having an acidic moiety such as a tetrazole. (Scheme 10) [34, 35] . It was synthesized by an efficient three-step process utilizing coupling of a substituted phenyllithium to a 2-fluorophenyloxazoline as the key step [36] . Reaction of the organolithium 38 with 39 (X = F) in refluxing THF gave the coupled biphenyloxazoline 41 in 67% yield. Treatment of the corresponding Grignard reagent with 2-(2-methoxyphenyl)-4,4-dimethyl-2-oxaloline (40) gave large amounts of cleavage product 43.
Pareitropone (50) (Scheme 11) is the most potent anticancer agent among the relatively small family of tropoloisoquinoline alkaloids, with a reported IC 50 of 2.7 nM versus the P388 leukemia cell line [37] . A 14-step route to this structure in 7% overall yield was reported by Feldman [38] starting from 2,3,4-trimethoxybenzoic acid. Formation of the Grignard reagent 44b conveniently prepared from the iodide 44a [39] followed by addition of the oxazoline 45 gave biaryl 46 as reported in Scheme 11. Subsequent metalation with n-BuLi followed by quench with ethylene oxide allowed the introduction of the ethyl alcohol fragment [3a] . Acid-mediated hydrolysis of the oxazoline unit of 47 gave a lactone which was reduced to the diol 48. It is noteworthy that attempts to hydrolyze or reduce the oxazoline ring in a model system lacking the alcohol unit failed. It is well known [40] that 2,6-disubstituted aryloxazolines/arylamides are inert to hydrolysis except in cases where anchimeric assistance by ortho-introduced electrophiles is capable of forming five-or six-membered-ring tetrahedral intermediates, which greatly enhances oxazoline/amide hydrolytic rates. After assembly of the alkynylstannane moiety, 49 was transformed to pareitropone (50) in three steps.
Buflavine (56) constitutes an example of the odd natural amaryllidaceous alkaloids (Scheme 12). The synthesis of 56 and its regioisomer 61 described by Couture involved sequential Meyers' biaryl coupling, enecarbamate formation, hydrogenation, and ultimate intramolecular reductive amination [41] . The oxazolines 52 and 57 reacted with the acetal Grignard reagent 51 providing the corresponding biaryls 53 and 58 in 76% and 81% yield, respectively. Deprotection of the acetal followed by Horner reaction of the resulting aldehydes 54,59 with the metalated carbamate 62 and subsequent reduction led to 55,60. Deprotection of 55,60 with TFA and reductive amination afforded buflavine 56 and its regioisomer 61 with overall yields of 35% and 33% for seven steps (starting from the oxazoline precursors of 52 and 57). A series of 4-substituted 8-aryl-2-methylquinolines 68 was synthesized as potent corticotropin-releasing factor 1 receptor antagonists (Scheme 13) [42] . Oxazoline 64, by reaction with 4-chlorophenylmagnesium chloride 63, gave the biphenyl 65. The oxazoline ring was then hydrolyzed to the acid 66 which was submitted to a Curtius rearrangement with (PhO) 2 PON 3 affording an urethane. Deprotection in trifluoroacetic acid provided the aniline 67 (45% yield for three steps). Aniline 67 was converted to the target quinoline 68 using standard techniques.
Due to the increasing medicinal interest of the 4-aryl-1,2,3,4-tetrahydroisoquinoline skeleton 74 present in many natural products and drugs, several syntheses have been published (Scheme 14). The key step of the synthesis of Seijas [43] is based on Meyers' chemistry: the formation of a 1,1-diphenyl ethylene derivative 71 from the nucleophilic displacement of an ortho-methoxy group in the 2-methoxyphenyloxazoline 70 with -styryl organometallic reagent 69 (90%), followed by a 1,6-conjugate addition [44] of a lithium amide to introduce the nitrogen atom (63%). Oxazoline 72 was converted into ester 73 under acidic conditions. Hydrogenolysis followed by treatment with sodium acetate gave an amide which was reduced with LiAlH 4 to give 74.
2-Racemic Biphenyls
The protected actinoidic acid 78, a key intermediate in the preparation of the glycopeptide antibiotic vancomycin [45] , was synthesized by Zhu in 18% overall yield featuring a coupling Meyers reaction (Scheme 15) [46] . Grignard reagent 75 and 2,3,5-trimethoxyphenyloxazoline 76 furnished the key biaryl coupling product 77 in 80% yield.
The first total synthesis of cyclophane derivatives belonging to the turriane family of natural products was reported by Fürstner (Scheme 16) [47] . Key steps are the oxazoline-based formation of the sterically hindered 2,2',6,6'-tetrasubstituted biphenyl axis and the ring closing metathesis reactions to form the cyclophane rings. Coupling of the Grignard 79 with oxazoline 80 to the desired product 81 (2:1 mixture) proceeded efficiently (84%). Substitution reactions at the benzylic position led the metathesis precursor 82. Diene 82 smoothly cyclized to the corresponding 20-membered ring when exposed to the Grubb catalyst 85. Alkyne metathesis followed by Lindlar reduction opened a stereoselective entry into the (Z)-and (E)-configured macrocycles 83 and 84.
3-Fluorenones
The Meyers reaction allows an efficient access to substituted fluorenones. Dengibsin (89) is a natural product isolated from the Indian orchid Dendrobium gibsonii Lindl (Scheme 17) [48] . For the efficient construction of precursor 88, the coupling of an 2-alkoxyoxazoline with a suitably substituted aryl Grignard reagent was chosen [48] . Thus, reaction of the Grignard reagent 86 with oxazoline 87 [49] gave the biphenyl derivative 88 in 80% yield.
The synthesis and the photochromic properties of photochromic benzoindene annellated benzopyrans were studied by Coelho (Scheme 18) [50] . The reaction of aryloxazoline 91 with the Grignard reagent 90 gave naphthyloxazoline 92. Removal of the oxazoline group was achieved by treating 92 with an excess of MeI, followed by hydrolysis under basic conditions [10, 51] . Treatment with polyphosphoric acid (PPA) afforded fluorenone 93 whose reaction with HBr/AcOH followed by condensation with 1,1-diphenylprop-2-yn-1-ol under PPTS (pyridinium toluene-4-sulfonate) catalysis afforded 2H-chromene (2H- [1] benzopyran) 94 in moderate yield (54%). Conversion of the CO group of 94 gave alcohol 95 which exhibited photochromism at room temperature.
The reaction was extended to naphthyloxazolines 96 [52] (Scheme 19) which upon treatment with an excess (6 equiv) of PhMgBr in ether afforded substituted oxazolines 97. After depro- tection as above, the resulting carboxylic acids were treated with concentrated H 2 SO 4 to give the methoxybenzofluorenones 98. The synthesis of 2,2-diphenyl-2H-naphtho[1,2-b]pyrans with a fused indeno group at the f face and a sulphur junction between the 2,2-phenyl groups was also reported [53] . Heating a chloroform solution of 5-hydroxy-7H-benzo[c]fluoren-7-one (99) with propynol 100 in the presence of a catalytic amount of PPTS gave the spiro[thioxanthene-naphthopyran] 101 (62%) which upon treatment with Grignard reagents led to the photochromic spiro[thioxanthenenaphthopyran] 102.
4-Other Carbocyclic Compounds
(±)-Veadeiroic acid 103 and (±)-veadeirol 104, two cleistanthoid diterpenes, were prepared by stereoselective cyclisation of the carbocation 105 (Scheme 20) [54] . Cyclohexanol 106 and aryloxazoline 107 are the requisite precursors of 105. 2-(3-Allyl-2-methoxyphenyl)-4,4-dimethyl-4,5-dihydrooxazole (108) was treated with EtLi. The OMe group was smoothly replaced by Et to furnish compound 109 (89%). The double bond in the allyl chain was brought into conjugation with the benzene ring by boiling 109 in the presence of KOH. The product 110, after ozonolysis and usual work-up, afforded the aldehyde 107 with the CO 2 H group masked in an oxazoline ring.
Balanol (116) is an example of protein kinase C (PKC) inhibitors (Scheme 21). The synthesis of a perbenzylated derivative of balanol's benzophenone fragment (115) was described by Skrydstrup employing a regioselective Heck reaction as the key step for the connection of two aromatic rings [55] . The synthesis started with preparation of the disubstituted benzoic acid 113 by substitution of the 2-benzyloxy group in 112 with vinyl magnesium bromide (111) at 25 °C in 90% yield.
SYNTHESIS OF OPTICALLY ACTIVE BIARYLS
The synthesis of axially chiral biaryls has been the subject of much research over the past twenty years. Not only do these compounds constitute a structural feature of many natural products, but the successful use of C 2 symmetric biaryls as chiral catalysts in stereoselective synthesis has also been an area of considerable activity [2] .
The C2 symmetry binaphthyl and biphenyl derivatives 117 and 118, respectively (Fig. 2) , featuring three stereogenic elements of the same notation (two centres and one axis), are chiral inducers of high efficiency in stereoselective catalysis. Ligand 117 provides remarkably high ee in the Cu(I)-catalyzed asymmetric cyclopropanation of olefins [49] and in the Pd(II)-catalyzed Wacker-type cyclization of 2-allylphenols [57]. The Cu(I) complex derived from (R,R,R)-118 (X = Me) was successfully used by Corey for addressing in 90% ee the enantioselective intramolecular cyclopropanation reaction required in the key step of the asymmetric synthesis of (-)-sirenin (119) [58] .
1-Chiral Biphenyls
In 1985, Meyers reported [59] attempts to prepare non-racemic 2,2',6-trisubstituted biphenyls 122 via nucleophilic addition of appropriately substituted aryl Grignard reagents 121 to an ether-THF solution of 3-substituted 2-methoxyphenyloxazolines 120. Although biphenyls 122 were obtained in generally good yields (60-95%), the diastereomeric excess varied widely between 0 and 92% [59, 60] . The use of aryllithium reagents gave the biphenyls but resulted in little or no diastereoselectivity, presumably due to the rapid rate of reaction and thus poor selectivity whereas the use of aryl Grignard reagents gave good yields of biphenyls and useful disastereoselectivity. The synthesis of 2,2',6,6'-tetrasubstituted biphenyls resulted in poor yields due to steric crowding [61] . Removal of the chiral auxiliary, by acidic or basic hydrolysis at elevated temperatures, generally resulted in racemic carboxylic acids.
The asymmetric total synthesis of axially chiral biaryl system (-)-steganone (128), an antileukemic bisbenzocyclooctadiene lignan lactone was reported (Scheme 23) [62] . Reaction of the Grignard reagent 124 with the (tetramethoxyphenyl)oxazoline (-)-123, synthesized from the optically pure amino alcohols (S)-(+)-2-amino-3-methyl-1-butanol [L-(+)-valinol] in refluxing THF overnight furnished the biaryl coupling products 125a and 125b in 85% yield (7:l mixture of diastereomers).
(-)-Schizandrin (127), a dibenzocyclooctane lignin [63] , was prepared similarly. When (-)-123 was allowed to react with the Grignard reagent 126, methoxy displacement occurred giving the appropriate biphenyl in > 97% de which was ultimately transformed to the biphenyl lignin (-)-127. The stereochemical outcome appears to be dependent on both the steric and electronic effects of the ortho substituents on the Grignard reagent.
Excellent diastereoselectivities (>98:2) were obtained in the biaryl coupling of 2',6'-disubstituted aryl Grignard reagents 129 with aryl oxazolines 130 (Scheme 24) [64, 65] . By adjusting the donor on the 6'-position (R 1 ), either diastereomer of 131 can be reached.
The effect by the substituent R 1 in 129 appeared to be dependent on the availability of the oxygen or oxygens to act as ligands or donors to the intermediate magnesium species 133 (Fig. 3) . It is assumed that the chelate-controlled addition begins by the complexation of the Grignard reagent 129 to the lone pairs on the oxazoline leading to the azaenolate 133. Since nucleophilic entry from the -face (132 ) can be hindered by the steric bulk of the substituent R 2 on the oxazoline, entry should occur predominantly from the -face (132 ). Free rotation around the newly formed sigma complex prior to the elimination of magnesium methoxy bromide could be responsible for the sense of axial chirality observed in the biaryl product. It is here that steric and electronic effects of the ortho substituents (2'-OMe and 6-R 1 ) appear to come into play. In the case of R 1 = CH 2 OTBDMS where both the steric and the electronic effects favor the formation of the S-diastereomer, excellent diastereoselectivity was observed for both 130a and 130b in the coupling to give 131a and 131b, respectively.
High diastereoselectivities (up to 98:2) and good yields (70-90%) were obtained in the biaryl coupling of 2',6'-disubstituted aryl Grignard reagents 134 with aryloxazolines 135 [65, 66] . The diastereoselectivity of the hindered 2,2',6,6'-tetrasubstituted biphenyls 136,137 is again highly sensitive to the nature of R 1 in 134. The biphenyls were formed in 67-90% yields at 65 °C, with diastereomeric ratios of varying amounts (see Scheme 25). The first asymmetric route to (2'R,6R)-6,6'-dimethyl-1,1'-bi(cyclohexa-4,6'-diene)-2,2'-diol (138) was accessed [67] .
In connection with studies directed toward the synthesis of the fungal bicoumarin desertorin C [68] , diphenylamine 144 was required in atropo-enantiomerically pure form. The reaction of oxazoline 140 with the Grignard reagent 139 supplied a coupled product in which the diastereoisomeric ratio (dr) was 7.3:1 (88%) in favour of the diastereoisomer 141 (Scheme 26). The mixture of oxazolines was converted into the aldehyde 142 (52%, er 6.1:1) by sequential treatment of the derived methiodides with NaBH 4 and oxalic acid. Treatment of the aldehyde 142 with MeMgI in THF and oxidation of the resultant mixture of epimeric alcohols with PCC provided the ketone 143. Schmidt rearrangement with sodium azide in trichloroacetic acid gave the expected amide which on hydrolysis furnished the amine 144.
A formal synthesis of both atropomers of desertorin C (150) was described (Scheme 27) [68, 69] . The enantiopure oxazoline 146 and Grignard 145 in which one of the ethers is a methyl and the other an isopropyl ether gave a chromatographically inseparable mixture of the coupled oxazolines 147 and 148 in 74% yield (dr 2.4:1). No racemization occured during the deprotection and reduction of the oxazolines 147 and 148 to 149. It was shown by circular dichroism that the compound 149 and the major oxazoline 147 produced in the coupling reaction have the (S) configuration. The oxazoline 152 and the Grignard reagent 151 afforded the coupled product in 88% yield (Scheme 28). The 1 H NMR spectrum demonstrated the presence of the diastereomers 153 and 154 (de 7.3:1). An X-ray crystal structure determination on a single crystal of 155 and cd spectra confirmed its (S) configuration.
Evidence was also given for intramolecular transfer of a biphenyl axial chirality to a spiro centre followed by the destruction of this centre and the recreation of a biphenyl axis (Scheme 29) [68, 69] . Hence, Schmidt rearrangement of 156 with sodium azide in trichloroacetic acid gave the expected amide 158 (43%). Product 157 (30%) was also isolated. This involves the intramolecular transfer of biphenyl axial chirality to a spiro centre followed by the destruction of this centre and the recreation of the biphenyl axis. Such an intramolecular process involving the transfer of stereogenecity by the mutual destruction and creation of chiral elements have been termed self-immolative [70, 71] .
The asymmetric synthesis of fully protected actinoidic acid derivative 162 and selectively protected biaryl bisamino acid 163, intermediates for the vancomycin 164 total synthesis, was reported by Zhu (Scheme 30) [72] . Formation of Grignard reagent 159 using the entrainment method (BrCH 2 CH 2 Br) [73] followed by addition of oxazoline 160 gave biaryl 161 in 87% yield as a mixture of two atropisomers (1:1 ratio). Asymmetry was introduced in the structure at a later stage of the synthesis by an asymmetric Strecker reaction.
2-Chiral 1-Phenylnaphthalenes and 1,1'-Binaphthalenes
Enantiopure atropomers of various derivatives of 1,1'-binaphthalene have achieved wide use for resolving amino acids by complexation, of chiral catalysts for making carbon-carbon or carbon-hydrogen bonds, of chiral reagents for reducing ketones to optically active alcohols [74] . The degrees of chiral recognition and asymmetric induction observed for these binaphthyl compounds have been among the highest reported and have been attributed to the freedom from conformational ambiguity of this axially dissymmetric unit. Chiral 2-substituted-1,1-binapthyls have demonstrated significant utility as both catalytic and stoichiometric auxiliaries in a variety of asymmetric carbon-carbon bond-forming reactions [75] . In early studies, Meyers reported the preparation of optically active binaphthyls [60] with high ee's (87-96%, Scheme 31). The process was based on the addition of the Grignard reagent 166 derived from 1-bromo-2-substituted naphthalene to the 2-methoxy-1-oxazolinylnaphtalene 165 to afford binaphthyl 167 in 69-80% yields and 87-96% des [59] .
The process was applied to the formal synthesis of the naphthylisoquinoline alkaloid ancistrocline methyl ether (174) (Scheme 32) [76] . Addition of 169 to the Grignard reagent 168 provided a mixture of the (R)-and (S)-isomers 170 and 171 (de 92:8). The preferred transition state for the coupling can be depicted as rotamer -complex 175 in which the magnesium atom is chelated to the methoxy group rather than to the CH 2 OTBDMS substituent [64] .
In a synthetic approach to (+)-dioncophylline C (180) (Scheme 33) [77] , Rizzacasa showed that coupling between the chiral oxazoline 177 and the Grignard reagent 176 afforded the major biaryl 178 and the minor biaryl 179 in good yield and high diastereoselectivity (70%, ratio 91:9) after purification by flash chromatography. The stereochemistry of the major biaryl was confirmed by X-ray structure analysis. The reaction presumably proceeded viacomplex 181, where chelation to the dioxolan oxygen atoms by the magnesium atom would predominate, to provide the desired biaryl 178 as the major product. The atropisomer 178 was then converted into the natural product (+)-dioncophylline C (180) according to standard procedures [78] .
A more convergent synthesis of the methyl ether derivative 189 of the naphthylisoquinoline alkaloid ancistrocline (188) was reported by the same author (Scheme 34) [79] . The key step involves a stereoselective biaryl coupling reaction between the chiral oxazoline 183 and the optically active tetrahydroisoquinoline Grignard 182. The atropisomeric mixture 184,185 was converted to the separable acetamides 186,187 obtained in a ratio of 84:16 and an overall yield of 32% for the three steps. The major atropisomer 186 was then transformed into O-methylancistrocline (189), which was identical to a semisynthetic sample derived from the related alkaloid ancistrocladinine (188). 
3-Chiral 2-Phenylnaphthalenes and 2,2'-Binaphthalenes
A number of natural products are known which are based on the 2,2'-binaphthalene system and occur as atropomers. The first to be recorded was gossypol (190), which occurs in cotton seeds in racemic form (Fig. 4) . Recent work showed that gossypol is a very good ligand of the protein family Bcl-2 which is a major point of control for regulation of apoptosis [80] . Due to the ample ortho substitution present in gossypol, restricted rotation about the symmetrically structural aryl-aryl bond showed relatively stable axially chiral enantiomers and indeed both have been isolated from natural sources [81] . Meyers reported the first asymmetric total synthesis of (S)-(+)-gossypol (190) using chiral oxazolines as the naphthyl substituent in a highly diastereoselective Ullmann aryl-aryl coupling [82] . Table 1) .
Similarly to the results presented above, the isopropyl substituent on the oxazoline controls the direction of entry of the Grignard reagent which attacks from the face of the oxazoline remote from the isopropyl group. The rotamer that leads to the -complex in which the methoxy group of the Grignard reagent is chelated to the magnesium would be expected to be preferred (path A rather than path B), and this leads to the product with S-axial configuration as observed (56.8% de).
4-Chiral Leaving Alkoxy Groups
Cram reported the synthesis of substituted binaphthyl compounds in high to medium optical yields through nucleophilic aromatic substitution reactions in which the leaving groups are asymmetric alkoxy moieties derived from naturally occurring alcohols ( group was present in the nucleophile. Since quininoxy and quinidinoxy have opposite configurations at the two asymmetric centers closest to the seat of reaction, they produced opposite directions of configurational bias which were of about the same magnitude.
SYNTHESIS OF PHOSPHORUS-CONTAINING OXA-ZOLINE LIGANDS
To date, a large number of chiral ligands have been reported and, chiral oxazolines in particular, have played a key role as effi- The ligands 214-218 are readily accessible from the 2-fluorophenyl oxazolines 209-213 on treatment with potassium diphenylphosphide (Scheme 38). The use of these ligands for asymmetric Pd catalyzed allylic substitution of 1,3-diphenylprop-2-enyl-acetate 219 with the sodium salt of dimethylmalonate afforded the same enantiomer 220 with 90-94% ee and 88-96% yield. The absolute stereochemistry of the product was determined as the (S)-(-)-enantiomer. Iron complexes 223 of PHOX ligands 222 were synthesized from 221 and structurally characterized, and the impact of the ligand structure on the steric and the electronic properties of the complexes were investigated [95] .
Phosphinooxazolines carrying either hydroxy or methoxy substituents in the 4 position of the oxazoline ring exhibit contrasting behavior in Pd-and Ir-catalyzed allylic alkylations [96] . Whereas catalysts with the methoxy-containing ligand generally provide products with high ee's, use of catalysts prepared from the hydroxycontaining ligand results in products with low ee's or even racemates. Ligand 229 was prepared from threoninol (225), which was allowed to react with 2-fluorobenzonitrile (224) in the presence of cadmium acetate (Scheme 39). Protection of the OH function followed by nucleophilic aromatic substitution using lithium diphenylphosphide and final deprotection gave 229.
Oxazolines 232 and 233 were prepared from (-)-norephedrine and (+)-endo-2-hydroxy-endo-3aminobornane (231) and 2-fluorobenzoic acid (230) for Tsuji-Trost reactions under the conditions depicted in Scheme 40 [97, 98] . Treatment of 232 and 233 with potassium diphenylphosphide gave 234 and 235, respectively.
The synthesis of binaphthyl P,X-heterodonor ligands has been a topic which has attracted much attention in asymmetric catalysis [99] . This interest is basically the result of the excellent perfomances displayed by (R,S)-BINAPHOS (237) in the Rh-catalyzed hydroformylation of olefins (Fig. 6) [100]. Novel binaphthyl derivatives where an achiral oxazoline is flanked either by an axially chiral phosphite, as in 238 and 239 were synthesized [101] . Compounds 238 and 239 are closely related to the known ligands BINAPs (236) and BINAPHOS (237) [102] , respectively, from which they can be formally derived by exchanging the oxazoline for the diphenylphosphino substituent.
The coupling of 240 and 241 provided access to the methoxy oxazoline (S)-242 in 85% optical purity as inferred from the specific rotation through the Ni-catalyzed reaction [103] according to the method of Cram (Scheme 41) [86] . Demethylation of 242 with BBr 3 at 0 °C gave the hydroxyoxazoline (S)-238 which was allowed to react with (R)-243 to give (R,S)-stereoisomer 239 (56%). Unlike the previous case, the condensation between (S)-238 and (S)-243 gave a mixture of (S,S)-239 and (R,S)-239 in about 80:20 as determined by 31 P NMR.
Moyano has developed an efficient procedure for the enantioselective synthesis of -ferrocenyl--amino alcohols, a new class of central chiral ferrocenes which are suitable derivatives for the elaboration of auxiliaries and ligands for asymmetric synthesis [104, 105] . The (S)-enantiomer of 247 was prepared fromferrocenyl--amino alcohol 244 in good overall yield in the way shown in Scheme 42, and subsequently converted into the corresponding ( -allyl)complex (S)-248. The presence of a gemdimethyl group at C5 in a 2-(2-diphenylphosphinophenyl)-4-ferrocenyl-1,3-oxazoline ligand brings about a major change in the enantioselectivity of the palladium-catalyzed asymmetric allylic substitution by dimethyl malonate anion, and leads to high levels of asymmetric induction (up to 99.6%) in substrates such as (E)-1,3-dimethyl-2-propenyl and 2-cyclohexenyl acetates. Newly introduced chiral roofed 2-thiazolines as chiral ligands for Cu(II)-catalyzed asymmetric Diels-Alder reactions, lead to excellent endo/exo ratio and endo-enantioselectivity compared to the corresponding chiral roofed 2-oxazoline ligand. These ligands were prepared from sterically congested, conformationally rigid chiral 2-aminothiols [106] . Starting from the cis-2-aminothiol 249, thiazoline ligand (2-diphenylphosphino)phenylthiazoline 251 was prepared in two steps according to Scheme 43.
Finally, phosphinyl-oxazolinyl-[2.2]paracyclophanes pseudoortho 257 and ortho 259 exhibit widely differing activity and enantioselectivity (up to 89% ee) in the Pd-catalyzed asymmetric allylic alkylation reaction (Scheme 44) [107] . The ortho-substitution was achieved by ortholithiation of the carbamate (±)-252 (Scheme 44). Amidation of the carboxylic acid 253 gave separable diastereoisomers 254 and 255. Removal of the carbamate from 254 and 255 could only been achieved under basic conditions. On subsequent treatment with Tf 2 O, simultaneous cyclization and triflation on the phenol group occured to give oxazolinyl-triflates 256 and 258. Nucleophilic aromatic substitution of the triflate with KPPh 2 gave the desired ortho-phosphinyloxazolines 257 and 259. 
